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Electrically Tunable Microlens Array Formed By Pattern 
Polymerization Of Photopolymerizable Mixtures Containing 

Liquid Crystals 

5 

technical field 

The present invention relates to electrically tunable microlens arrays 
prepared by pattern polymerization of photopolymerizable mixtures containing 
liquid crystals. More specifically, the invention relates to polymer dispersed liquid 
10 crystals photopolymerized by using multiple-wave mixing. 



background of the invention 

Liquid crystals have long been utiHzed in the prior art for their abihty to 
change their optical orientation in the presence of an electric field. As thin films^ 

15 hquid crystals are widely used in various electro-optical display and control 
appUcations such as optical switches, variable transparency windows, and large 
area flat panel displays. In all these devices, the anisotropic electrical and optical 
properties of liquid crystals are e3q)loited by switching them between a strong 
scattering OFF state to a transparent light transmitting ON state using external 

20 electric fields. 

Polymer dispersed liquid crystal display devices are increasingly desired due 
to production ease and display brightness. Polymer dispersed liquid crystals 
(PDLCs) are formed firom a homogeneous mixture of prepolymer and liquid 
crystals. As the polymer cures, the liquid crystals separate out as a distinct 

25 microdroplet phase. If the polymer is a photopolymer, this phase separation occurs 
as the prepolymer is irradiated with ligjit When a PDLC blend is subjected to an 
externally applied electric field above a certain value, the liquid crystal molecules 
are oriented parallel to the field direction. In this oriented state, the film will be 
transparent to the naked eye since the ordinary refractive index of the hquid crystal 

30 can be matched approximately to that of the polymer. When the electric field is 
turned off, the blend switches back to its scattering turbid state. 

Anotiier area of interest for liquid crystal materials is for use in microlens 
because of their tunable focal length that are crucial for optical beam steering and 
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image processing. The principle of focal length tuning of a microlens is illustrated 
in Fig. 1. Therein, the microlens is designated generally by the numeral 100, and 
consists of a Uqxiid oystal droplet 100 to defined by polymer walls 104. The Uqnid 
crystal droplet 102 and polymer 104 are contained between substrates of 
5 transparent glass 106 having an indium-tm-oxide(ITO) electrode layer 108 
thereon. In the absence of an external electric field, the liquid crystal directors 1 10 
are randomly oriented, causing light to scatter. When a.voltage is applied across 
the liquid crystal micro-droplet, as shown in Fig. 1, the liquid crystal directors 110 
tend to align toward field direction, e.g., along the droplet curvature near the 

10 surface, but tend to become straight near the center. The curvature of the liquid 
crystal alignment may be altered by the electrical field, which in turn guides the 
incoming light waves 1 12 to convert to a focal point 1 14. In this manner, the focal 
length can be tuned by controlUng the applied voltage. 

The liquid crystal microlens, hither to reported, have been fabricated by 

15 drilling holes on ITO coded glass electrodes ui filling with liquid crystals. Another 
way of fabricating the microlens is through pattern-photo polymerization of liquid 
aystal/photo-cmable monomer mixtures by either masking with an array of black 
dots or patterning with parallel electrodes. However, these drilled holes or 
masking dots or microelectrodes are too large to fabricate microlenses of nano- 

20 sizes; most microlens thus produced are at best in the range of a few htmdred 
microns in size. For better image resolution, it is desirable to reduce the 
microlenses size to a few hundred nanometers or smaller, which motivates the 
present study, 

One drawback to liquid crystal display devices is that the display quality is 
25 dependent on the angje of observation. U.S. Patent No. 5,886,760, to Ueda et al, 
discloses a microlens array in the Uquid crystal display device that widens the 
viewing angle. The microlens array is formed by polymerizing a transparent resin 
within the apertures of a mesh-Uke sheet The polymerization is accomplished by 
using an energy beam with a UV ray or an electron beam, or by thermosetting. The 
30 size of each microlens is dependent on the mesh size of the sheet, which is limited 
to 100 to 600 mesh. The limited range of microlens size restricts the resolution 
which can be achieved with a microlens array formed using a mesh-like sheet. 
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Other methods which have been used to control microlens size and shape 
include drilling micropores on glass substrates or masking the UV rays. In these 
methods, the size of the microlens are on the order of 300 to 500 microns. Smaller 
microlenses are needed to provide the type of resolution required by applications 
5 such as medical imaging, diffraction grating, and beam steering. 

Droplet size affects switching voltage, switching speed, and contrast ability. 
In general, smaller droplets require higjier switching voltage, longer switching 
times, and provide better contrast. In addition to droplet size, the shape and 
uniformity of the droplets affects the performance characteristics of the polymer 

10 dispersed liquid crystal displaj^. The arrangement and unifonnity of the dispersion 
of the liquid crystals in the polymer matrix should also be considered. These 
characteristics of the polymer dispersed liquid crystal are sometimes referred to as 
. the domain morphology. Using conventional radiation curing techniques, 
illumination of the uncmred sample is xmiform, and phase separation occurs as a 

15 random process in which droplets form throughout the sample. Likewise, thermal 
polymerization is a bulk curing method in which the whole sample is heated. 
. Droplet size is generally controlled indirectiy by, for example, adjusting relative 
aniouhts of monomer, chain extender, surfactant, and other components. U.S. 
Patent No. 5,949,508 to Kumar et al. discloses a technique which preferentially 

20 exposes one side of a cell containing prepolymer material and liquid crystals to UV 
radiation. This causes a polymer layer to form adjacent to the side nearest the UV 
light source. By controlling the power, collimation, and e^osure time of the UV 
light, grooves, channels or patterns can be formed which can receive liquid crystal 
material. Uniformity of size, shape, and position of the liquid crystals is dijEficult to 

25 achieve, but in general, droplet size is on the order of at least 400 micrometers. 
Non-tmiformity contributes to scattering and erodes the optical performance of the 
liquid crystal display. 

U.S. Patent No. 5,942,157, to Sutherland et al., describes the use of two- 
wave mixing in the production of volume hologram materials. The PDLC is 

30 exposed to coherent Ught to produce an interference pattern inside the material. 
This technique produces clear, orderly rows of polymer dispersed liquid crystal 
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having uniform size and shape. These polymer dispersed liquid crystal materials 
are then useful for recording volume diffraction grating in 1-dimension. 

Because the performance and capabilities of polymer dispersed liquid crystal 
displays are critically affected by the domain morphology of the PDLQ a process is 
5 needed to effectively control the Uquid crystal droplet size, shape, number, and 
arrangement within the polymer matrix. Such a process would preferably be 
reproducible and produce higher yields in fabricating polymer dispersed liquid 
crystal devices. 



10 SUMMARY OF THE INVENTION 

For purposes of tihie present disclosure, by "multiple-wave mixing*' or "mixing 
of multiple electromagnetic waves" it is meant the creation of an interference 
pattern inside a target material by the use of at least four electromagnetic waves to 
yield 2- or 3-dimensional (2-D or 3-D) diffraction grating. The term 

1 5 "photopolymerizable material" is to be understood to encompass dtiher monomers 
having photopolymerizable functional groups or monomers intermixed with 
photoinitiator dyes such that the monomers within the mixture will be polymerized 
upon photoinitiation of polymerization. 

The present invention relates to polymer dispersed liquid crystals prepared 

20 by the pattern photopolymeiization of photoreactive mixtures comprising a 
photopolymerizable material and liquid crystals, wherein the photopolymerization 
is characterized by the use of mxdtiple-wave mixmg. 

The present invention further relates to a process of preparing polymer 
dispersed liquid crystals, the process comprising the steps of providing a 

25 photoreactive mixture comprising a photopolymerizable material and liquid 
crystals; exposing the mixture to a radiation pattern, wherein the mdiation pattern 
results from the mixing of multiple electromagnetic waves; and polymerizing the 
photopolymerizable material. 

The present invention also relates to an electrically tunable microlens array 

30 comprising polymer dispersed Uquid aystals prepared by the pattern 
photopolymerization of photoreactive mixtures comprising a photopolymerizable 
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material and liquid crystals, wherein the photopolymerization is characterized by 
the use of multiple-wave mixing. 



BRIEF DESCRIPTION OF THE DRAWINGS 

5 The invention may take physical form in certain parts and arrangements of 

parts, a preferred embodunent of which will be described in detail in the 
specification and illustrated in the accompanying drawings which form a part 
hereof, and wherein: 

FIG. 1 is a schematic illustration of the principle of focal length tuning of a 
10 microlens; 

FIG. 2 is an enlarged, cross-sectional, schematic view of a four-wave mixing 
technique for fabricating a LC microlens, wherein it should be appreciated that four 
orthogonal waves may altemativdy be applied from one side; 

FIG. 3 displays snapshots of the emergence of a hypothetical LC microlens 
1 5 showing droplet array patterns. 

FIG. 4 displays various simulated morphological patterns of LC microlens 
with spherical and elliptical droplets arranged in an array or a checkerboard 
pattern, with tiieir corresponding elliptical droplets in the corresponding lower 
row. 

20 

DETAILED DESCRIPTION OF THE INVENTION 

Disclosed herein is a method of fabricating microlens via 
photopolymerization induced phase separation of Uquid crystal and 
monomer/oligomer mixtures, respectively, based on a multiply-wave mixing 

25 techniques, ie. an at least four-wave mixing technique. The method disclosed 
herein is distinguishable from prior art methods employed to produce holographic 
polymer dispersed hquid crystals in which liquid crystal stripes are formed by the 
interference of two planar UV waves, because liquid crystal microlens arraj^ are 
herein formed by the interference of at least two horizontal and at least two 

30 vertical electromagnetic waves., to yield 2-D diffraction, and six waves to yield 3-D 
diffraction. 
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Advantageously, it has been found that by controUing the size and 
arrangement of liquid crystal droplets within a polymer network through the use of 
multiple wave mixing, the domain morphology of the polymer dispersed Uquid 
crystal can also be controlled. The well ordered alignments of microdroplet arrays 
5 can be used as switchable microlens arrays with tunable focal lengths. Problems of 
irreprodudble domain morphology associated with the indiscriminate irradiation or 
bulk thermal treatment used in the prior art are eliminated. Higher yields in 
feLbricating polymer dispersed liquid crystal devices are achieved. Superior 
electrically tunable microlens arrays, with greater resolution and less scattering, 

10 are obtained. 

The electrically tunable microlens array of the present invention includes 
polymer dispersed liquid crystals. The polymer dispersed liquid crystals are 
prepared by the pattern photopolymerization of photoreactive mixtures comprising 
a polymerizable material and liquid crystals, wherein the photopolymerization is 

1 5 characterized by the use of multiple-wave mixing. Preferably, the number of waves 
for multiple-wave mixing is 4, 6, or 8. 

The poljmierizable material comprises single or multifuhctional monorners 
or oligomers capable of being photopolymerzed either alone or with suitable 
photoinitiator dyes. Monomers that, when polymerized, provide a suitable matrix 

20 for liquid crystals for use as PDLC films are known. Suitable non-limiting examples 
of monomers useful ici the polymerizable material of the present invention include, 
but are not limited to, acrylates, methacrylates, thiols, alkyl ethers, aromatic 
analogs of the preceding, and mixtures thereof. Suitable, non-limiting examples of 
oligomers useful in the polymerizable material of the present invention iudude, but 

25 are not limited to, dimers, trimers, and tetramers of acrylates, methacrylates, thiols, 
alkyl ethers, aromatic analogs of the preceding, and mixtures thereof. 

The polymerizable material of the present invention will typically make up 
form about 2 to 80% by weight of the polymer dispersed Hquid crystal. The 
polymerizable material, however, is not necessarily made up only of the 

30 monomers/oUgomers disclosed above. Notably, optional materials may be 
employed as part of the polymerizable material, as will be disclosed hereinbelow. 
More preferably, the polymerizable material will make up from 50 to 70% by 
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weight of the polymer dispersed liqmd crystal. Even more preferably, the 
polymerizable material will make up from about 60 to about 65% by weight of the 
PDLC. 

The liquid crystals utilized in the microlens array of the present invention 
5 may be nematic liquid crystals, cholesteric liquid crystals, smectic liquid crystals, 
ferro-electric liquid crystals, or antiferro-electric liquid crystals, and mixtures 
thereof. In accordance with weight percentages disclosed above with respect to the 
polymerizable material, the liquid crystals make up from 20 to 98% by weight of 
PDLC. Preferably, the liquid crystals make up from about 30 to 50 % by weight, 

10 and even more preferably 35 to 40 % by weight of the PDLC. 

Types of nematic liquid crystals suitable for use in the microlens array of the 
present invention include, but are not limited to, homologs of cyanobiphenyl 
derivatives, such as aUqrl derivatives, preferably with from 3 to 12 carbon atoms. 
Specific examples of alkyl derivatives of cyanobiphenyl include p-propyl 

15 cj^obiphenol, and ip-butjd cyanobiphenol. Alkoxy derivatives of cyanobiphenyl 
are also useftd, preferably with from 3 to 12 carbons, and include p-butoxy 
cyanobiphenol, and p-hexoxy cyanobiphenol. Alkyl and alkoxy cyanobiphenyl 
derivatives having from 3 to 12 carbon atoms and mixtures thereof are 
commercially available from a variety of sources including E. Merck Industries. 

20 Suitable materials having cholesteric properties are disclosed, for example, 

in J. Lub, D. J. Broer, A. M. Hikmet and KG. Nierop, LIQ. CRYST. 18,319 (1995). 
For example, use can be made of cholesteric monomers, oligomers, or polymers, or 
mixtures of cholesteric monomers, oligomers, or polymers with chiral monomers, 
or mixtures of cholesteric monomers, oligomers or polymers with adiiral 

25 monomers or mixtures of cholesteric oligomers with chiral and achiral monomers 
or mixtures of achiral monomers, oligomers or polymers having liquid-crystalline 
phases with chiral monomers. Specific examples are cholesteric polysiloxane-based 
oligomers. Cholesteric polysiloxane-based oUgomers which contain cholesterol 
derivatives or isomeric cholesterol derivatives as chiral species are disclosed, for 

30 example, in U.S. Patent No. 5,211,877. 

Smectic liquid crystals are known in the art, and are discussed, for example, in U.S. 
Patent No. 5,972,242. Examples of ferro-electric liquid crystals are disclosed in the 
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prior art. See, for example, U.S. Patent No. 6,059,994 to Chan et al, and U.S. 
Patent No. 5,963,186 to Hughes et al. Descriptions of antiferro-electric liquid 
crystals are given in U.S. Patent No. 5,108,650 to Koden et al, and U.S Patent No. 
5,716,542 to Iwaya et al. 
5 The photoreactive mixture of the present invention optionally further 

includes at least one of photoinitiators dyes, coinitiators, chain extenders, 
crosslinking agents, and surfactants. Photoinitiator dyes, as indicated above, are 
employed when the monomers themselves do not contain photopolymerzable 
groups. Such dyes are typically employed in the range of about 0.5 to about 5% by 

10 weight Co-initiators may be employed to control the rate of curing in the free 
radical polymerization reaction of the prepolymer material that is initiated upon 
irradiation with ligjit Such co-initiators are typically employed in the range of 
from about 0.5 to about 5% by weight. Employing a chain extender may help to 
increase the solubility of the components of the photoreactive mixtures, and may 

15 increase the rate of polymerization. Generally, a chain extender, if employed, will 
be present in a range of from about lOto about 30% by weigjit. Surfactants may 
be employed to lower the switching voltage of the microlens, and are typically , 
present in a range of from about 1 to about 10% by weight. 

Specific examples of photoinitiator dyes suitable for the practice of the 

20 present invention include, but are not limited to, rose bengal ester (2,4,5,7- 
tetraiodo-3',4',5*,6 -tetrachlorofluorescein-6-acetate ester), rose bengal sodium salt; 
eosin, eosin sodium salt, 4,5-diiodosuccinyl fluorescein, camphorquinone, 
methylene blue, benzophenone, benzil, Michlefs ketone, 2-chlorothiozantone, 2,4- 
diethylthioxanantone, benzoin ethyl ether, diethoxyacetophenone, 

25 benzildimethylketal, 2-hydroxy-2-methylpropiophenone, 1-hydroxycydohexyl 
phenyl ketone, and the like. 

Suitable coinitiators which may be used in the practice of the present 
invention include, but are not limited to N-phenyl glycine, triethylene amine, 
triethanolamine, N,N-dimethyl-2,6-diisopropyl aniline, and the like. 

30 Chain extenders which may be used in the practice of the present invention 

include N-vinyl pyirolidone, N-vinyl pyridine, acrylonitrile, N-vinyl carbazole, and 
the like. 
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Surfectants, if employed, are preferably cationic surfactants. Sxiitable 
surfactants include, but are not limited to, surfactants derived from octanoic acid, 
heptanoic acid, hexanoic acid, dodecanoic acid, decanoic add, and the like. 

In accordance with the invention there is further provided a process for 
5 preparing polymer dispersed liquid crystals, the process comprising the steps of 
providing a photoreactive mixture comprising a photopolymerizable material and 
liquid crystals; exposing the photoreactive mixture to a radiation pattern, wherein 
the radiation pattern results from the mixing of multiple electromagnetic waves; 
and polymerizing the photopolymerizable material. 

10 In the process of the present invention, the photopolymerizable material and 

liquid crystals are combined, and blended to provide a homogeneous mixture. Said 
mixture is then placed between two substrates. Transparent substrates are 
typically used, and examples thereof uidude glass and pl£istic. Preferably, an 
electrode layer is positioned on the inside surfaces of the substrates. Any suitable 

15 electrode can be used, such as indium-tin-oxide (TTO). Optionally, an alignment 
layer may be disposed over the electrode layer. Any alignment layer may be used 
that does not interfere with the results obtained by the present invention. 

The photoreactive mixture is then irradiated. For the purposes of the 
present invention, four-wave mixing is meant to describe the interaction of two 

20 pairs of electromagnetic waves, i.e. at least four waves. The interference of these 
two pairs of photon beams sets up periodic bright and dark fringes within the 
mixture. Since the polymerization rate is proportional to the square root of 
intensity, polymerization occurs faster in the bright regions and more slowly in the 
dark regions. Monomer diflFuses to the bright regions and liquid crystal toward the 

25 dark regions. At some point, crosslinking occurs, and the result is a well-ordered 
arrangement of liquid crystal microdroplets dispersed within a polymer matrix. 

By adjusting the diflEractive optics, the size and number of liquid crystal 
microdroplets can be controlled. The droplet size may range from about 30 
nanometers to about 300 micrometers. The number of microdroplets in the array 

30 wiU depend on the sample size and the size of the microdroplets, but may vary 
from about 100 x 100 for diffiractive optics to about 10,000 x 10,000 for infrared 
sensors. 
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The difiractive optics may be adjusted by altering the wavelengths and 
angles of incidence of the multiple electromagnetic waves. Typically, smaller 
wavelengths will yield smaller droplets sizes. The smaller the angle of incidence, 
the larger the periodicity of the Uquid crystal arrays. Likewise, the larger the angle 
5 of incidence, the smaller the periodicity of the Uquid crystal arrays. In the present 
invention, electromagnetic waves having wavelengths of from 350 to 800nm may 
be employed, with wavelengths of from 380 to 550nm being preferred. 

Advantageously, by controlling the droplet size and arrangement through 
the use of multiple wave mixing, the domain morphology of the polymer dispersed 
10 liquid crystal can also be controlled. Problems of irreproducible domain 
morphology associated with the indiscriminate irradiation used ia the prior art are 
eliminated. Higher yields in fabricating polymer dispersed liquid crystal devices 
are achieved. 

The nalcrolens produced is tuned by applying an electric field. The applied 
1 5 electric field changes the orientation of the liquid crystal director. In the absence 
on an external electric field, tibie liquid aystal directors are randomly oriented, 
cauising light to scatter. When a voltage is applied across the liquid crystal micro- 
droplet, the liquid crystal directors tend to align toward the field of direction, i.e., 
along the droplet curvature near the surface, and tend to become straight near die 
20 center. The curvature of the liquid crystal alignment may be altered by the electric 
field applied, which in turn guides the incoming light waves to converge to a focal 
point. In this manner, the focal length can be tuned by controlling the applied 
voltage. 



25 EXPERIMENTAL 

The liquid crystal microlens forming process has been simulated on a 
pattem-photopolymeiization technique in which the spatially modulated photo 
reaction rate coupled with time dependent Ginzburg-Landau (TDGL) Model C 
Equations by incorporating free energy densities of isotropic mixing, pneumatic 
30 ordering, and network elasticity. The reference Uquid crystal system under 
consideration is a single component pneumatic, namely: 4-n-heptyl-4- 
cyanobiphenyl (K21) having a pneumatic-isotropic transition temperatmre, TNI of 
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42EC, whereas the monomer is a multi-functional UV curable monomer, such as 
Norland Optical/Adhesive, NOA65. PLEASE PROVIDE THE NAME OF NOA65. 
The photo-patterning process of the LC microlens may be modeled by 

mimicking spatio-temporal development of concentration and orientation order 

5 parameters of the LC in which a photoreaction rate equation is coupled with TDGL 

Model C, as described below: 



at 



8<Pm 



+T, or^ = V. 



AV-^ 
8<Pp, 



0) 



^*^^=v-[AV(i°-)]+n, (2) 

9t 5cPl 

St ^5s^ 

1 0 where 4hi^yt) is the conserved concentration (volume fraction) order parameter of 
LC at position r and time t, whereas s(r,t) is the non-conserved orientatioii order 
parameter. If the monomer and polymer were immiscible, it is necessary to solve 
three-coupled equations, i.e:, Eqs. (1) - (3), otherwise only two-coupled equations 
would be adequate, e.g., Eq. (3) with Eq. (1) or with Eq. (2). We chose Eqs. (2) 
"15 and (3) in the simulation under the assumption that the monomers and the 
emerging polymer are misdble. Furthermore, the monomer, (i>M(r,t) and polymer, 
^p(r,t) concentration are related to ^Ji,t) via the fractional conversion, a , 
viz.(|>M=(l-a)G-<l>L) <|>p =<x(1-<|)l)> respectively. Since the 

photopolymerization rate, da/dt is proportional to the square root of UV intensity, 

20 lo, it may be represented in the periodic form: 

^ = k„C[cos(^i^x)+cos(^y)]a-a) (4) 
at L L 

where is the reaction rate constant; and Ny represent the number of layers 
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related to the interference angles (or periodicity) in the horizontal and vertical 
directions, respectively, and L is the size of assiuned square grid. Eq. (5) enables 
the fabrication of microlens array with spherical droplets (N^^ = Ny) or with 
elliptical droplets (N^ ?t Ny). A represents the mutual diffusion coefficient having 
5 the property of Qnsager reciprocity, while R is related to the rotational mobility. 
The quantities and tis are thermal noise in the respective concentration and 
orientation fields, while G is total free energy of the system, which may be written 
as: 

G = J[g((|>L,+M.<l>P»s) + K,|V(pJ' +KjVsf]dv (5) 

V 

10 where g((|)L, 4>m* ^ s) or "g," for brevity, is the local free energy density of the 
system. The terms | V(j>j^| ^ and iq. | Vs p are non-local terms associated with the 
gradients of the LC concentration and orientation order parameters, respectively, 
while and Ks are the correspondiog interface gradient coefficients. The local firee 
energy density, g, may be expressed as the sum of the isotropic ndxing (g*), 

15 nematic ordering (g"), and elastic (g*) free energy densities. The firee energy 
density of isotropic mixing, g* may be described in the context of the Flory-Huggins 
theory extended to a three-component system as follows: 

g» = In + (1>M hi <t>M + x((|)l<I>m + <t>L*p) (6) 
£q. (6) assumes that the polymer is crosslinked so that the average degree of 
20 polymerization, rp = , while segment lengths of LC, r^ and monomer, r^ are each 
taken as unity. It is also assumed that the monomer is miscible with polymer so 
that monomer-polymer interaction parameter, Xmp taken as zero, while LC- 

monomer and LC-polymer interaction parameters Xua Xlp respectively are 
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assumed equal to %, The nematic ordering free energy density, g° is given by the 
Maier-Saupe theory: 



where v is the nematic interaction parameter related to the Tj,,, while z and s are 
5 respectively the partition function and the LC order parameter. The elastic free 
energy, g® for a cross-linked poljmier is given according to Dusek's approach: 



where is segment length between cross-linked point, while and % are network 
model constants. The parameter a>oin Eq. (8) is the network reference volume 

10; fraction, which gives <S>^ = (|)p for in-situ crosslinMng (the volume fraction at the 
onset of crosslinking). 

Eqs (2) and (3) have been solved numerically using a finite difference 
method on a 128 _ 128 square grid under specified initial boimdaiy conditions. 
For flie spatial step, a central difference discretization scheme was used, whereas 

15 an expUdt forward difference discretization was utilized for the temporal step 
along with a periodic botmdaiy condition. Prior to the simulation, the initial LC 
volume fractions, <t)L(r, 0) at grid points was calculated by adding random thermal 
noise satisfying the fluctuation dissipation ±eorem, then s(r,0) was determined 
from the known (|)L(r, 0) . By marching forward in time, values of ^{x, t) and s (r, t) 

20 at all grid points were computed. 

Figure 2 exhibits a schematic diagram of the four-wave mixing technique for 
fabricating LC microlens 10 in which two electromagnetic waves 12 are mixed to 



g»=l(H)Llnz + iv(t,^,s^) 



L 



(7) 




(8) 
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fonn interference striations in the horizontal direction while the other two 
electromagnetic waves 14 generate interference striations in the vertical direction. 
The horizontal and vertical striations are then impinged on the sample to generate 
droplet array 16 patterns in the sample plane. Polymerization occurs preferentially 
5 in the high intensity regions due to the fast photoreaction rate that makes LC 
molecules diffuse into the low intensity regions and form droplets. As the size of 
the LC domains is controllable by maneuvering the interference angles of the 
waves, a imiform array of microlens may be obtained. 

Fig. 3 displays snapshots of the emergence of a hypothetical LC microlens 

10 showing (iroplet array patterns. The parameters used in the hypothetical were: 
= 0. 75, T = 30__ C, k, = 10"^, = 1, and N,, = Ny = 16. The upper row of Fig. 3 shows 
the emerging patterns in the concentration order parameter field, while the lower 
row represents those in the orientation order parameter field. Note that the 
temperature of 30°C corresponds to the isotropic state of the starting LC/monomer 

15 mijcture. The domain pattern in the concentration order parameter field that 
emerged from the pattem-photopolymerization induced phase separation (1,000 
steps) appears coimected initially. With elapsed time, the spherical LC droplets 
eventually arrange themselves in the form of droplet arrays (10"* ~ 10^ time steps) . 
The LC ordering seemingly lags behind that of the concentration, showing a 

20 spinodal-like modulated pattern initially, but the texture eventually evolves into the 
droplet arrays at later times. It should be noted in the simulation that only LC and 
monomer are allowed to diffuse, while the polymer is presumably fixed due to the 
network formation. 
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Fig. 4 displays various simulated morphological patterns of LC microlens 
with spherical and elliptical droplets arranged in an array (upper left) or a 
checkerboard (upper right) pattern, and their corresponding elliptical droplets 
(corresponding lower row). The parameters used were = Ny = 8 for the 
5 spherical droplets (upper row) and == 16, Ny = 8 for the elliptical droplets 
flower row) . The dimensionless time step is 10^ in all cases. In the simulation of 
Fig. 4, one can envisage the emergence of microlens with varying shapes, viz., 
spherical or elliptical. As seen in the upper left of Fig. 3, the interference of two 
vertical waves gives rise to the array of spherical microlens when N,, = Ny = 8. 

10 However, when the two sets of these interference waves were appUed ia the 
diagonal direction, a checkerboard pattern maybe generated (upper right). If the 
interference angle (or the wavelength) of the horizontal waves is different from 
tiiose of the vertical waves, say N, = 16, Ny == 8, the elliptical microlens arrays 
flower row) may be obtained. As is well known, the size of the microlens depends 

15 on the choice of the length scale, the characteristic time, and the mutual diffusion 
coefficient Assioning the difPusivity to be 10*^ cmVs (for monomer and/or low 
molecular weight LC) and the characteristic time for H-PDLC to be 0.0001 s, then 
the estimated characteristic size would be of the order of 0.1 ^im. Hence, the 
calculated picture frame (128 x 128) would be approximately 12.8 jun; so tiie 

20 estimated size (diameter) of the microlens would be about 800 nm. Although the 
estimated size is larger tiian tiie reported esqperimental value of 300 nm for an H- 
PDLC, it is much smaller than the size (a few htindred micrometers) reported for 
the existing microlens fabricated by other methods. 
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With appropriate conJBgurations of the holographic optics, the size and 
shape of the LC microlens may be varied through control of the interference angles 
and/or wavelengths, the reaction rate as determined by the incident UV intensity, 
and/or ±e pattern profiles. The focal length of the LC microlens may be tuned by 
5 maneuvering the director orientation of LC flirougfa appropriate applied voltage. 
The electrically focusable microlens are particularly useful when the object being 
imaged is not in a fixed position. Another important feature is that flexible ITO 
coated polymeric films may be used to arrange the arrays of the LC microlens in 
the convex shape so that these LC microlens would be similar to the compound lens 
10 found in the eyes of some insects such as flies, ants, and/or wasps. 

In summary, the present invention demonstrates the feasibility of fabricating 
electrically tunable LC microlens via photopolymerization-induced phase 
separation of LC/monomer mixtures using multiple-wave mixing as based on the 
time dependent Ginzburg-Landau (TDGL) Model C equation coupled with a 
1 5 spatially modulated photopolymerization rate equation. Simulated results showed 
that depending on the interference angles or the periodicity (wavelengths) of the 
horizontal and vertical waves, LC microlens arrays may be fabricated to produce 
spherical (or elliptical) droplet arrays or checkerboard patterns. 

The polymer dispersed liquid crystals prepared by the process of the present 

20 invention comprise well ordered alignments of microdroplet arrays, and can be 
used as switchable microlens arrays with tunable focal lengtiis. Said electrically 
tunable microlens arrays are similar in structure to the cornea of fly eyes. Sharper 
images are produced relative to liquid crystal devices prepared by conventional 
methods. The electrically tunable microlens arrays of the present invention may be 

25 used in imaging of all kinds, including aoom lens charge coupled detector (CCD) 
cameras,video, CCD, tunable 2-D or 3-D dif&active gratings, and the like, and can 
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provide a larger storage memory. 

The present invention is not limited to the specific embodiments described 
above^ but includes variations, modifications and equivalent embodiments defined 
by the following claims. 
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CLAIMS 

We claim: 

1. An electrically tunable microlens array prepared by pattern 
5 photopolymerization of a photoreactive mixture comprising a 

polymerizable material and liquid ciystals, wherein the 
photopolymerization is characterized by Ae interaction of multiple-wave 
mixing. 

2. The electrically tunable microlens array of claim 1, wherein the 
10 polymerizable material is selected from sin^e and multi-fimctional 

monomars and oligomers capable of being photopolymerized either 
alone or with suitable photoinitiator dyes. 

3. The electrically tunable microlens array of daim 2, wherein the 

polymerizable material is selected from aciylates, methacrylates, thiols, 
1 5 alkyl ethers, aromatic analogs of the preceeding, and mixtures thereof . 

4. The electrically tunable microlens array of daim 2, wherein the 

pol3raerizable material is sdected from dimers, trimers, tetramers of 
aciylates, methaciylates, thiols, alkyi ethers, aromatic analogs of tiie 
preceeding, and mixtures thereof. 
20 5. The dectrically tunable microlens array of daim 1, wherein tiie 
polymerizable material makes up from about 2 to 80 % by wdght of the 
microlens array. 

6. The dectrically tunable microlens array of daim 1, wherein the liquid 
crystals are selected from nematic liqtdd crystals, cholesteric liquid 
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crystals, smectic liquid crystals, ferro-electric liquid crystals, antiferro- 
electric liquid crystals, and mixtures thereof. 
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